We consider the predictions of chiral perturbation theory for SU (3) breaking in the axial vector form factor g 1 measured in semileptonic hyperon decays. We confirm that if only octet baryon intermediate states are included, the non-analytic corrections are ∼ 100%. These corrections are dominated by an SU (3)-symmetric wavefunction renormalization, which explains the fact that the "corrected" predictions still fit the data well. We argue that the large corrections are nonetheless strong evidence that the chiral expansion is breaking down. Following a recent suggestion of Jenkins and Manohar, we then include contributions from decuplet baryon intermediate states. Unlike these authors, we do not neglect the octet-decuplet mass difference ∆. We find that the effects of ∆ = 0 significantly change the pattern of corrections: we still find that the decuplet corrections can cancel the large octet contributions in a non-trivial way, but the corrections no longer favor the SU (6) values of the axial couplings. We also argue that D and F axial couplings cannot be reliably extracted from calculations which keep only the non-analytic corrections.
Introduction
Chiral perturbation theory ( χ PT) provides a rigorous framework for extracting physical predictions from QCD as power series in the "light" quark current masses m u , m d , and m s . At lowest order, χ PT predicts a large number of quantities in terms of a few effective coupling constants. Many of the resulting predictions are very successful.
Clearly, it is important to understand the size of the corrections to the lowest order results, especially for quantities sensitive to m s , since experience with the chiral expansion suggests that the fractional corrections to these quantities are of order
where Λ χ ∼ 1 GeV is the χ PT expansion parameter. Unfortunately, higher orders in the chiral expansion involve many unknown effective couplings. * However, there are nonanalytic corrections of order m s ln m s (and sometimes m 1/2 s for processes involving baryons) which are computable in terms of the lowest-order couplings. For sufficiently small values of m s , these are the largest corrections. While the nonanalytic corrections are not expected to be significantly larger than the O(m s ) contributions in the real world, the nonanalytic corrections can be used to give an estimate of the expected size of corrections. In particular, if the nonanalytic corrections are large, then chiral perturbation theory breaks down unless the O(m s ) corrections cancel the nonanalytic contributions. Such a cancellation is unnatural, since it can occur only for special values of the quark masses. Thus, the calculation of the non-analytic contributions gives non-trivial information about the chiral expansion, even if they cannot be used to quantitatively predict the size of the corrections.
In ref. [1] , baryon chiral perturbation theory was reformulated in terms of an effective lagrangian which includes the octet baryons as heavy fields [2] , and it was found that the leading nonanalytic corrections to the baryon axial form factors were ∼ 100%.
† This is surprising in light of the fact that the lowest-order predictions work to better than 20%. In this paper, we point out that these corrections are dominated by an SU (3)-singlet wavefunction renormalization, which explains why the fit to the data including the corrections still works well. However, we argue that the presence of these large corrections is nonetheless strong evidence that the chiral expansion defined by this effective lagrangian is breaking down. * These effective coupling constants are related to QCD matrix elements which are in principle computable (on the lattice, for example). However, our present knowledge of the relevant matrix elements is rather limited, and we conservatively regard the effective couplings as undetermined parameters. † An earlier calculation [3] which found smaller corrections is incorrect.
In ref. [4] , it was found that the large chiral symmetry breaking corrections discussed above are largely cancelled by contributions from decuplet intermediate states. From the point of view of the effective lagrangian, this looks like an unnatural cancellation between two unrelated sectors of the theory. However from the point of view of QCD the decuplet and octet states are certainly related. In fact, in the large-N c limit of QCD, the baryon spectrum consists of ∼ N c states with mass differences ∼ Λ QCD /N c , and the lowest-lying states have the quantum numbers of the octet and decuplet baryons (for N c odd). There are non-trivial relations between the different baryon multiplets in this limit which reproduce the SU (6) spin-flavor symmetry relations between octet and decuplet baryon couplings [5] . While these developments are very interesting, we will take a more phenomenological point of view in this paper, including the decuplet without assuming SU (6) symmetry.
Including the decuplet in the chiral lagrangian is only justified if the decuplet-octet mass splitting ∆ is small compared to the χ PT expansion parameter Λ χ (numerically, ∆ ≃ 300 MeV, Λ χ ∼ 1 GeV.) In this limit, we can treat the decuplet as a nonrelativistic heavy field, substantially simplifying the computation. Our calculation differs from that of ref. [4] mainly in that we do not make the approximation ∆ ≪ m K . We find that the effect of nonzero ∆ completely changes the pattern of the non-analytic corrections: the decuplet corrections can still cancel the large octet corrections for some values of the couplings, but the corrections strongly disfavor the SU (6) values of the decuplet axial couplings. We also argue that the axial coupling constants cannot be accurately determined if only the non-analytic corrections are included. This paper is organized as follows. In section 2, we briefly review the effective lagrangian formalism we will use. In section 3, we present the results of our calculation including only octet intermediate states. In section 4, we present the results of including the decuplet. Section 5 contains our conclusions. Some information on the semileptonic decays used in this paper is given in an appendix.
Effective Lagrangian
It has been known for some time that the low-energy theorems of spontaneous chiral symmetry breaking can be encoded in an effective lagrangian [6] . The lagrangian gives a systematic framework for investigating deviations from the symmetry limit m u , m d , m s → 0. In this section, we briefly review the effective lagrangian we use to carry out the computation. The notation and conventions we use are the same as those of ref. [7] . The reader familiar with this formalism is urged to skip to section 3.
The effective lagrangian we will use includes the pseudoscalar meson octet
the baryon octet
and the spin- 
where the last equation defines U as a function of L, R, and ξ. The baryons are treated as heavy fields with four-velocity v, and transform under
The lowest-order terms in the effective lagrangian involving the octet baryons are
The decuplet fields are represented by a Rarita-Schwinger field T with both vector and spinor indices. We work in the limit where the octet-decuplet mass splitting ∆ is small compared to Λ χ , so we can treat T as a heavy field with the same velocity v as the baryon octet. (We neglect splitting within the octet and decuplet induced by quark masses, since these are higher order in the chiral expansion.) The physical spin- 
where s is the spin matrix [1] .
The decuplet fields can be represented as a completely symmetric 3-index tensor trans-
The relevant terms in the lagrangian involving decuplet fields are
where A is the axial current formed from pion fields. We have used an abbreviated notation in which SU (3) indices are suppressed:
Octet Corrections
In this section, we will discuss the corrections which involve only octet intermediate states. Our calculation differs from that of ref. [1] only in that we keep m π = 0. The π corrections are expected to be ∼ 20% of the K and η corrections, but omitting the π contributions systematically increases the predicted SU (3) breaking, so we include them here.
We write g
where the lowest-order results are α
The leading chiral corrections are
Here µ is an arbitrary renormalization scale. The µ dependence of these results is cancelled by the µ dependence of O(m s ) terms in the effective lagrangian such as
where m q is the quark mass matrix. If we take µ ≃ Λ χ , there are no large logarithms in the higher order coefficients, and near the chiral limit the correction is dominated by the logarithmically enhanced terms computed above. In the real world these logarithms are not very large, but we expect that the logarithmic terms will give some indication of the actual size of the corrections, as discussed in the introduction.
The corrections to individual form factors are all larger than 80%, in agreement with the results of ref. [1] . Closer inspection of the results of this calculation reveals that the largest part of the corrections comes from the SU (3)-invariant part of the wavefunction renormalization. This contribution can be written
where
The logarithmically-enhanced wavefunction renormalization must be positive on general grounds [8] , and therefore we know that there must be positive SU (3)-invariant piece. The surprise is that this is by far the most important correction. (If we remove this contribution, the largest correction is ∼ 50%, with all other corrections less than ∼ 25%.)
This contribution can be formally removed from the chiral expansion by defining the baryon fields
We can then write the terms in the lagrangian involving two baryon fields as
where c ′ j = (1 + δZ)c j . If we now expand in terms of the coefficients c ′ j treating δZ as order m s ln m s , the large wavefunction renormalization is absorbed into a redefinition of the chiral couplings.
Since wavefunction renormalization is universal for all amplitudes with two external baryon lines, one might think that the resummation discussed above shows that the large wavefunction correction is "trivial," simply rescaling the couplings of the effective lagrangian and leaving relations among observables intact. However, δZ depends on the quark masses, and chiral symmetry relates this dependence to physical quantities. In particular, the µ dependence of δZ is compensated by the µ dependence of the term
If we chose µ to make δZ small, c(µ) will be large. This leads to a breakdown of chiral perturbation theory, since this term contributes to e.g. s-wave pion-nucleon scattering. While a full calculation would be required to demonstrate the breakdown of chiral pertrubation theory, it is clear that there is no reason to think that the large wavefunction renormalization corrections found in this calculation are trivial.
Decuplet Corrections
In this section, we include the decuplet contributions to g 1 . We write
where γ contains the decuplet contributions, which are proportional to the coupling C defined in eq. (9). We have
Here we have defined
To obtain these results, we have dropped terms analytic in the quark masses which can be absorbed into counterterms in the chiral lagrangian. This amounts to a choice of subtraction procedure. The limiting values of the decuplet corrections can be obtained using
From the expressions above it is easy to check that the decuplet contributions decouple in the limit ∆ ≫ m. In this limit the decuplet corrections are either analytic in the quark masses, and can be absorbed into terms in the effective lagrangian which contain only octet baryon fields, or are SU (3) symmetric O(∆ 2 ln ∆ 2 ) terms which can be absorbed into a redefinition of D and F . We can also consider the limit ∆ ≪ m K , m η advocated in ref. [4] . We find that G 1 (m) and G 2 (m) are very poorly approximated by setting ∆ = 0: for example, they have the wrong sign.
The decuplet corrections are large, ∼ 100%, like the octet corrections. However, unlike the octet corrections, wavefunction renormalization is not the largest part of the decuplet corrections. This means that these corrections cannot be removed by an SU (3)-conserving field redefinition, as contemplated above.
We now compare our results to semileptonic decay data (see the appendix). The constant C can be determined from non-leptonic weak decays of decuplet states to be C ≃ 1.5 [4] , so there is one new undetermined parameter H compared to the octet case. We assign a 20% theoretical uncertainty due to O(m s ) corrections to the amplitudes and show the resulting 67%, 90%, and 95% confidence level region in the D, F plane in fig. 1 . (The region is obtained by projecting the allowed region in D, F , and H space onto the D, F plane.) Because of the large allowed region, a best fit is probably meaningless.
Despite the fact that the allowed region is quite large, one can draw some non-trivial conclusions. The first is that the lowest-order values of D and F are allowed. For these values of D and F , the corrections are less than 10% if H ≃ 0.5. (A similar cancellation was found in ref. [4] , but for a different range of H values.) This suggests that including decuplet baryon states may improve the convergence of baryon chiral perturbation theory.
We emphasize that the fact that the decuplet contributions can cancel the octet contributions is highly non-trivial: it involves a large cancellation between octet wavefunction renormalization and decuplet "vertex" corrections. (The decuplet contribution to wavefunction renormalization is positive and therefore cannot cancel the octet wavefunction renormalization contribution.) Also, it is striking that the cancellation occurs both for nonzero as well as zero octet-decuplet mass splitting, since the corrections are very different in these two cases.
Finally, we can ask whether the corrections favor the SU (6) prediction
This relation is excluded by the above analysis at the 95% confidence level. (If we set ∆ = 0, the corrections favor the SU (6) values, as found in ref. [4] .) It is not clear how meaningful this is, since higher order corrections may be important.
Conclusions
We have critically examined the chiral perturbation theory predictions for the axial vector form factors, both with and without the inclusion of decuplet intermediate states.
We confirmed the result of ref. [1] that the corrections are large if decuplet states are not included. We argued that these large corrections are a symptom that chiral perturbation theory including only octet baryon states is breaking down, despite the fact that the largest correction takes the form of an SU (3)-singlet wavefunction renormalization. We then examined the contributions of decuplet intermediate states. We found that taking into account the effects of the decuplet-octet mass difference substantially changes the pattern of corrections obtained in ref. [4] , which neglects these effects. We found that the decuplet corrections tend to cancel the octet corrections in a non-trivial way (as also found by ref. [4] ), and that the corrections strongly disfavor the SU (6) values of the axial couplings (contrary to the conclusions of ref. [4] ). We also argued that D and F cannot be reliably extracted from a calculation which includes only the non-analytic corrections.
While completing the present paper, we received ref. [9] , which also makes the point (in a different context) that setting ∆ = 0 in the decuplet integrals is not a good approximation.
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Appendix A. Fit to Semileptonic Decays
In this appendix, we consider the determination of D and F from ∆S = 1 semileptonic decays of hyperons. These decays are governed by the form factors
where q ≡ p a − p b . The contributions of the form factors f 3 and g 3 are suppressed by the electron mass, and can be safely neglected. Near the SU (3) limit m u = m d = m s , the baryons are nearly degenerate, and at the order we are working the decays are determined by the form factors at zero momentum transfer. The contributions of f 2 and g 2 are suppressed by O(m s ) because of the explicit power of q multiplying these terms. (In fact, time-reversal invariance can be used to show that g 2 (0) = 0 in the SU (3) limit, so that the contributions of g 2 are even smaller.) In the SU (3) limit, the form factors f 1 (0) are given by Clebsch-Gordan coefficients and the g 1 (0)'s are simple linear combinations of D and F (see eq. (13)). The corrections to f 1 are O(m s ) and can be computed in chiral perturbation theory [7] . The leading corrections to g 1 are O(m s ln m s ) and formally give the largest corrections to the semileptonic decay rates. These are therefore the only corrections to the form factors which we will keep.
To perform our fit, we use both decay rate and asymmetry data taken from the most recent Particle Data Group (PDG) compilation [10] . For the asymmetry data, we directly use the average values for g A /g V quoted by the PDG. To convert the decay rates into values for g 1 , we keep the full kinematic dependence on the baryon masses, since these effects turn out to be numerically important. The data we use is displayed in table 1. Table 1 : Values for g 1 (0) extracted from 1992 PDG
The decay rate and asymmetry determinations of g 1 are inconsistent if we assume only the errors quoted by the PDG. This is either a symptom of systematic errors in the experiments or an indication that higher-order corrections are important. We expect that higher order terms in the chiral expansion will give rise to ∼ 20% corrections, and so we added this amount in quadrature to all the quoted errors to take into account the theoretical uncertainty. When we do this, all the errors on all determinations have a sizable overlap.
With this procedure, reasonable fits are obtained. For example, if we fit this data to D and F using the lowest-order prediction in eq. (12), we obtain the best fit D = 0.85 ± 0.06, F = 0.52 ± 0.04,
with χ 2 = 6.1 for 9 degrees of freedom. 
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